We consider the production of charm by real and virtual photons. Special attention is paid to diffractive charm production, which provides information on the gluonic content of the Pomeron. Our calculations are based on the gluon distributions of the CKMT-model, which is shown to lead to agreement with the data on open charm production in deep inelastic scattering. We compare predictions for diffractive charm production of different models for the distribution of gluons in the Pomeron. Experiments at HERA should be able to discriminate between them. Predictions for beauty production in diffractive and non-diffractive interactions of photons are also given.
I. INTRODUCTION
The production of heavy quarks in deep inelastic electron scattering from a proton has received increasing attention recently, since this reaction is seen as a tool to probe the gluon distribution in the nucleon. Due to the large mass of the quark, the reaction is believed to be driven by a perturbative mechanism, photon-gluon fusion, and is therefore sensitive to the nucleonic gluon density. We consider here in a consistent way the production of charm in deep inelastic scattering (DIS) as well as in hard diffractive scattering. The latter process, while driven by the same basic reaction mechanism, probes a different gluon density. As the diffractive processes are mostly seen as mediated by the Pomeron exchange, the relevant quantity in diffractive production is then the gluon distribution in the Pomeron; a review can be found in Ref. [1] .
The distribution of gluons in the proton is known now comparatively well from deep inelatic scattering for x ≥ 10 −2 , but for smaller values of x information on g p (x, Q 2 ) is very limited. A comparison of theoretical predictions on charm production in the HERA energy range with experimental data allows one to test smallx behaviour of gluonic distributions.
Diffractive production of hadrons in deep inelastic scattering has been observed in experiments at HERA [2, 3] . The gluonic content of the Pomeron is poorly known. Studies of the Q 2 -dependence of the Pomeron structure function [4] [5] [6] [7] [8] lead to the conclusion that the distribution of gluons in the Pomeron is hard and that they carry the main part of the Pomeron momentum. However there are big differences between gluon distribution functions g P (x, Q 2 ) in different models.
It is the purpose of this paper to present a consistent approach to open charm photo-and electroproduction as well as diffractive charm production. The gluon distributions we use are based on the model of Ref. [9] , hereafter referred to as CKMT. No new parameters are introduced into our calculations. In this approach there is only one basic Pomeron, which contributes in different ways to both "soft" and "hard" mechanisms. This can be represented in terms of an effective or "dressed" Pomeron with a Q 2 -dependent intercept. It was the basis of a very compact parametrization by CKMT for the structure function F 2 and distributions of quarks and gluons in the proton, which was used as an initial condition for QCD evolution [9] . Also diffractive vector meson production (ρ, φ, ψ) by real and virtual photons [10] could be described very well by this model without additional parameters.
There have been a variety of investigations on aspects of charm production in deep inelastic and diffractive scattering, in part going beyond the leading order. In order to achieve a clear and simple discussion of these reactions, we confine ourselves to the leading order terms in the cross sections. This more phenomenological approach seems reasonable in view of the large sensitivity of perturbative QCD calculations to the heavy quark mass and the present uncertainty in the data.
In Section 2 we shall first consider inclusive charm photo-and electroproduction on the proton. We shall formulate a method of calculation of the cross sections of heavy quark production for arbitrary values of Q 2 . It will be shown that the gluon distribution proposed by CKMT gives a very good description of the existing data on charm production. We therefore proceed in Section 3 to calculate charm production in diffractive scattering in the context of the CKMT model and compare to other models. In Section 4 we present predictions for inelastic and diffractive beauty production by real and virtual photons.
II. CHARM PHOTO-AND ELECTROPRODUCTION
In this section we consider the open charm production by real or virtual photons on a proton. In the past several prescriptions have been proposed to incorporate the contribution of charm into F 2 (x, Q 2 ). A widely used method [11] [12] [13] [14] was to generate the charm quarks dynamically, starting with no intrinsic charm below some threshold Q 2 th ∼ m 2 c and to produce charm quarks (considered as massless) through QCD evolution. However this results into a too large charm contribution in the threshold region. We therefore choose a different approach. For moderate Q 2 , the fact that the mass of the charm quark is comparatively large, m c ∼ 1.5 GeV Λ QCD , makes it possible to apply perturbation theory. It was shown in Ref. [15] that therefore more realistic predictions for charm production can be obtained from the photon-gluon fusion diagram of Fig. 1a . This is true in a broad region of Q 2 . Next to leading order (NLO) calculations in QCD perturbation theory have been carried out [15] [16] [17] [18] [19] [20] [21] [22] for heavy quark production. These higher order terms lead to no new qualitative feature and can be incorporated by adjusting the parameters of the lowest order calculation [15] . In view of this perturbative stability and since there are uncertainties in the charm quark mass and the factorization scale, we prefer to simply work in the leading order (LO), where the calculations are very transparent. We shall show that by properly chosing the charm quark mass and factorization scale one obtains a good description of the data for charm production in DIS. For Q 2 m 2 c , on the other hand, higher order diagrams of the QCD perturbation theory should be resummed [23] . Since mass effects can then be neglected, the charm quarks will be produced dynamically through QCD evolution, where the charmed quark is considered as massless. We obtain the charm quark distribution needed as input for this evolution through the photon-gluon fusion mechanism.
At moderate Q 2 , the main contribution for large centre-of-mass energies √ s is expected to come from the gluon fusion process, shown in Fig. 1a , where a gluon from the proton interacts with the photon and produces a charm anti-charm quark pair. We will discuss this mechanism first. Contributions from "resolved" charm production, Fig. 1b , are less important and will be dealt with later.
In QCD perturbation theory the cross section for the process γ ( * ) p → ccX can be written as a convolution of the gluon distribution g p (z, µ 2 f ) and the partonic cross section of the photon-gluon fusion processσ(γg → cc),
The threshold condition for production af a charm-anticharm pair leads to a lower bound for the fraction z of the proton momentum carried by the gluon, z min = ax, where a = 1 + 4m 2 c /Q 2 and x is the Bjorken variable. For the partonic cross section of charm production by photon-gluon fusion, one finds [23, 24] with the Hand convention for the flux
where µ f is the factorization scale and e c the charge of the charm quark in units of e. In leading order the coefficient function C is
with
In the limit Q 2 = 0 Eq.(1) yields the photoproduction cross section. The contribution of charm production to the proton structure function is given by
For the gluon distribution, a crucial ingredient in the calculation of the cross section, we use the CKMT-parametrization of Ref. [9] . It gives a good description of the HERA data for the proton structure function F 2 (x, Q 2 ) at all Q 2 and for diffractive vector meson production [9, 10] . We briefly summarize here only the physics background; details can be found in the Appendix and in Ref. [9] .
Experimental studies of small x DIS at HERA [25, 26] had shown a fast increase of the proton structure function F 2 (x, Q 2 ) as x → 0, which was considered by some authors as an evidence for a "hard" Pomeron. This Pomeron has an intercept α P (0) substantially above unity, contrary to the "soft" Pomeron, which is observed in high-energy hadronic interactions and photoabsorption, which has an intercept only slightly above 1: α P (0) ≡ ∆ + 1 ≈ 1.08. It was argued however by CKMT in Ref. [9] that this α P (0) extracted from high-energy behaviour of hadronic total cross sections is not the actual intercept of the Pomeron itself, but an effective value that incorporates large effects of Pomeron rescattering (multi-Pomeron cuts) in soft processes. The actual "bare" value of the pole intercept extracted from the analysis of many features of hadronic interactions, taking into account multi-Pomeron processes, was found to be substantially higher, corresponding to ∆ ≈ 0.2 [27] . At large Q 2 in DIS the contributions from rescatterings are much smaller than in hadronic interactions (or γp) and the "bare" intercept determines the behaviour of structure functions at Q 2 > 1 GeV 2 . In this approach there is thus only one Pomeron, which contributes to both "soft" and "hard" processes. This effective or "dressed" Pomeron then has a Q 2 -dependent intercept. It was used by CKMT to provide a compact parametrization of the structure function F 2 and the distributions of quarks and gluons in the nucleon. These distributions are used as initial condition for the QCD evolution [9] .
The gluon distribution resulting from this model is
with the effective Pomeron intercept determined by
For low x the gluon density in this model exhibits the x dependence which is characteristic for the Pomeron exchange. The behaviour at x ∼ 1 has been obtained from counting rules for the sea quarks which are a factor 1 − x softer than the gluons. Finally, the factor C g follows from the momentum sum rule. This parametrization is valid up to Q 2 = 5 GeV 2 . We actually use it only up to 2 GeV 2 and for higher values QCD evolution is applied where the parametrization provides the initial condition. We take the running coupling constant with Λ = 0.20 GeV and four flavours.
The results for charm production are very sensitive to small changes in the value of the charm mass. We will use charm photoproduction to fix the value of this parameter. In Eqs. (1) and (2) one encounters the factorization scale µ f . The NLO results in Ref. [15] showed that the scale µ 2 f = 4m 2 c yields the best stability of the perturbative calculations and we will use this now for photoproduction; other choices will be discussed below in connection with electroproduction. Since this factorization scale is above the value of Q 2 for which the parametrization is valid, we use the leading order QCD evolution equations for three flavours to obtain the gluon distribution at µ We calculated open charm production corresponding to the diagram of Fig. 1a with the gluon distribution function as given in (6) . The results for the total inclusive cross section are shown for four different values of the charm mass in Fig. 2 . One can see that relatively small changes in the charm mass lead to large differences in the cross section. For a charm quark mass m c = 1.4 GeV our curves are close to the experimental data and look similar to the results of the NLO calculation [15, 22] . In the following we shall use this value of the charm quark mass.
For very large energies √ s the resolved contribution, shown in Fig. 1b , starts to be important. In this production mechanism a gluon from the photon interacts with a gluon from the proton to produce a charm anti-charm pair. To obtain the contribution from the resolved production, we therefore need the gluon distribution in the photon, g γ (x, Q 2 ). This distribution is poorly known at present. For an estimate of the resolved contribution, we use a distribution obtained by the same method as for the determination of the gluon distribution of the proton in Ref. [9] and thus introduce no new parameters. At small x factorization takes place in the Regge pole model. Therefore the gluon distribution in the photon at low x is proportional to that of the proton; for this proportionality factor we find
This factorization is approximately valid also when Pomeron cuts are taken into account. The behaviour in the limit x → 1 is different for the photon and proton and can be found from counting rules. So we write g γ (x, Q 2 ) in the form
The contribution of the diagram in Fig. 1b is shown in Fig. 2 . It is negligible at energies up to √ s ∼ 10 GeV, but increases with energy faster than the dominant photon-gluon fusion contribution of Fig. 1a . This contribution is of the order of 10% already at HERA energies. For other models of g γ (x, Q 2 ) this contribution is larger [22] . It is also sensitive to the value of the factorization scale and increases for smaller values of this scale.
We now turn to electroproduction. First we will consider the factorization scale 4m 2 c as in photoproduction. The production of charm quarks give a large contribution to the DIS structure function F 2 (x, Q 2 ) at small x and large Q 2 m 2 c , where they can be considered in the framework of QCD evolution equation as massless. However at Q 2 ∼ 10 GeV 2 or less the charm mass is very important and the charm quarks cannot be treated in the same way as the light quarks [15] . We therefore deal with electroproduction in two different ways, depending on the value of Q 2 . For values of Q 2 less than a certain value Q 2 , we use the perturbative approach for the gluon fusion process with massive charm quarks as given by Eq. (1) . To obtain the gluon distribution at the factorization scale 4m 2 c , we proceed as in the photoproduction case; we start the QCD evolution for three massless flavours from Q 2 0 = 2 GeV 2 . With this distribution, the charm contribution is directly obtained from Eq.(2). For virtualities larger than Q 2 the charm quarks are produced through massless QCD evolution with four flavours. For the input distributions, we use the light quark distributions as obtained above from three flavour massless QCD evolution up to Q 2 . The charm input distribution is generated by photon-gluon fusion at Q 2 .
We determine the transition value Q 2 from the perturbative approach with massive charmed quarks to the massless QCD evolution by demanding that this procedure creates an F cc 2 below and above Q 2 with a smooth derivative with respect to Q 2 at this point. We found that the values of Q 2 yielding a smooth transition in the region of small x vary from 30 GeV 2 to 100 GeV 2 . In Fig. 3a we show the charm contribution to the proton structure function, F 2 (x, Q 2 ), as given by Eq. (2) as a function of the virtuality Q 2 at different values of x; the transition from massive to massless treatment of the charm quarks is made at 50 GeV 2 . We also show the logarithmic derivatives in Fig. 3b to see their discontinuities at Q 2 . The change of Λ in the running coupling constant at the charm threshold has been taken into account. It follows from Figs. 3a and 3b that for very small x (x ≤ 10 −3 ) the transition from one regime to the other is very smooth and for Q 2 > 50 GeV 2 charmed quarks can safely be considered as massless in the QCD evolution equations. This is in agreement with results obtained in Ref. [19] and also with Ref. [15] , where it has been stated that for
GeV 2 the gluon fusion model should be applied. For x ∼ 0.1 the mass effects are important up to much larger values of Q 2 . Thus, from Fig. 3a we can conclude that for the small x and Q 2 < ∼ 500 GeV 2 the difference between the prediction of the gluon-photon fusion diagram and its QCD-evolved contribution is small.
So far, we have used the factorization scale 4m 2 c . Another natural candidate for electroproduction is 4m
To examine this possibility, we show in Fig. 3c and 3d the analogous results for this scale. The features are quite different. Now for large x the discontinuity is small, but for small x it is large, just the reverse of what one finds for the constant factorization scale. This suggests that one could use a different factorization scale and/or different transition value Q 2 for different kinematical regimes to obtain a smooth transition from massive to massless quarks.
Finally, in Fig. 4 we make a comparison of our predictions for charm photo-and electroproduction with the data. We show results as a function of W = √ s for the factorization scales 4m 2 c and 4m
for the latter we only show predictions at high Q 2 where the difference to the fixed scale is large. Note that the cross sections for the different values of Q 2 in Fig. 4 are rescaled. The photoproduction data at high energies are from ZEUS and H1 [28, 29] ; the other experiments are listed in Ref. [28] . The low energy data for electroproduction are from Ref. [30, 31] and the high energy data from H1 [32] . The latter data correspond to Q 2 values slightly different from those of the low energy data and of our calculations. We see that all data are rather well described. The high Q 2 data indicate a preference for the fixed factorization scale of 4m 2 c : the charm production at different (but not very large) Q 2 depends on the gluon distribution at a fixed scale. Therefore we will use this factorization scale also for diffractive charm production.
The deviation of the H1 results at Q 2 = 12 GeV 2 from our theoretical prediction is partly explained by the fact that for our prediction we took the same Q 2 as for the low energy data, i.e. Q 2 = 13.9 GeV 2 . It means that our predictions are here slightly too small. Nevertheless, the discrepancy remains significant and is difficult to explain in view of the fact that for other values of Q 2 the agreement between theory and experiment is reasonable and that the cross sections have only a weak Q 2 dependence in this region. Except for these H1 points, our comparison confirms the photon-gluon fusion mechanism in combination with the CKMT gluon distribution at the factorization scale 4m In comparing our results to the data, it should be noted that the "resolved" diagrams of the type shown in Fig. 1b can contribute also for highly virtual photons. Our estimates indicate that this contribution at present energies is rather small -it is less than 10% of the main diagram of Fig. 1a . However in the same way as for real photons the contribution of Fig. 1b increases with energy faster than for Fig. 1a . Thus it will dominate at superhigh energies where it corresponds to charm production in the central rapidity region.
III. HARD DIFFRACTIVE SCATTERING AND CHARM PRODUCTION
In deep inelastic scattering, there are events where particles are produced only in the fragmentation regions of the initial particles. We consider here the case that the proton remains intact, the so called "single diffractive scattering". This corresponds to a large "rapidity gap" between the diffractively produced states (with invariant mass M X ) and the recoil proton. This observation is readily explained in the Reggeon theory through the exchange of the Pomeron (Fig. 5a ).
In this section, we discuss the diffractive cross section in the Pomeron exchange model [33] and specifically consider diffractive charm production. As in the total inclusive charm production discussed above, gluon fusion is again the dominant production mechanism for charm. Therefore, diffractive charm production is sensitive to the gluon distribution in the Pomeron, which is believed to consist mainly of gluons. This should be compared to the analogous inclusive process, where mainly the gluon component of the proton is probed. We will use the CKMT approach to obtain the parton distributions in the Pomeron and compare its results to two other models for the Pomeron parton distributions.
The differential production cross section can be written as
where we have introduced a diffractive structure function F
. Here x, y and Q 2 are the usual DIS variables and t is the squared momentum transferred to the proton,
The variable x P is defined by
with M 2 X = (q+k) 2 the squared invariant mass of the diffractively produced particles and W 2 = s = (q+p) 2 , the squared CMS energy of the photon-proton system. For the mechanism shown in Fig. 5a , the variable x P can be interpreted as the fraction of the proton momentum carried by the Pomeron. The function R DIF in Eq. (10) is the ratio of the longitudinal to transverse part of the cross section. Integrating F D 2 (x, Q 2 , x P , t) over x P and t we obtain the diffractive contribution to the total deep inelastic structure function F 2 (x, Q 2 ).
For the exchange of the Pomeron pole, the diffractive structure function F D 2 (x, Q 2 , x P , t) can be factorized into two parts,
where the variable β = Q 2 /(M 2 X + Q 2 ) = x/x P plays the same role as the Bjorken variable x has in DIS: the Pomeron momentum fraction carried by the partons in the Pomeron. The first factor represents the Pomeron flux from the proton and can be written in the form
where g P pp denotes the Pomeron-proton coupling. The value of α P (t) in this flux factor should be taken at some effective virtuality scale, Q 2 ef f , since in the model of Ref. [9] one has
where ∆ is given by Eq.(7). The scale Q 2 ef f is a priori not known, but it was argued in Ref. [4] that it should be low, since a hard scale from the top part of Fig. 5b does not 
The second function, the Pomeron structure function F P , is proportional to the virtual photon-Pomeron cross section. It was emphasized in Ref. [4] that other definitions of the "flux factor" are possible, e.g. differing from the one above by a constant. Therefore the normalization of the Pomeron structure function depends on the particular choice of the flux factor. For large values of M X or small values of β, the Mueller generalization of the optical theorem for inclusive cross sections can be used to represent the cross section given by Eq.(10) in terms of the triple-Reggeon diagram shown in Fig. 5b . The Reggeon exchange in the upper part of the diagram is dominated by the Pomeron and f Regge poles. Since each term factorizes into a Reggeon propagator and a vertex, it is possible to obtain the structure function of the Pomeron from that of the deuteron [4] .
We will below consider the diffractive production involving light quarks and heavy quarks separately, i.e. we write the Pomeron structure function as
For the contribution of light quarks to the structure function, we adopt the form for the deuteron structure function of Ref. [9] , but with the couplings of the exchanged Reggeon to the deuteron replaced by the couplings to the Pomeron,
with the ratios of the coupling constants
where r k P P and g k dd are the couplings of the Pomeron (k = P ) or the leading f Regge pole (k = f ) to the Pomeron and to the deuteron, respectively. The values for the ratios e k d can be estimated from soft diffraction data. In our calculations we will use e P d = e f d = 0.07, which was shown in Ref. [5] to give a good description of the data on the diffractive structure function F D 2 . The behaviour of the structure function for β → 1 is determined by the exponent n(Q 2 ) which was obtained for the deuteron in Ref. [9] by using counting rules. For the Pomeron the exponent has to be adjusted accordingly since there is one parton spectator less.
From experiment it follows that the triple Reggeon couplings are only weakly dependent on t and that for the Pomeron and the f Regge pole exchange this dependence is approximately equal. It can then be incorporated in that of the flux factor in Eq.(12), i.e. in g P pp , which is then parametrized as g P pp (t) = g P pp (0) exp(Ct) with C = 2.2 GeV −2 and g P pp (0) 2 = 23 mb. With this parametrization, the structure function of the Pomeron (or its parton distributions) do not have the t-dependence any more. The values of the parameters mentioned above have been all taken from Ref. [4] . We again use the parametrization at an initial scale of Q 2 0 = 2 GeV 2 as starting point for QCD evolution to the desired Q 2 value. The contribution of the light quarks to the Pomeron structure function, F P , is directly related to the corresponding singlet quark distribution of the Pomeron,
This singlet distribution at Q 2 0 is shown in Fig. 6a .
We now discuss the charmed quark contribution to the diffractive Pomeron structure function, which is related to the analogous charm quark distribution,
Using photon-gluon fusion as the leading mechanism, the diffractive charm production can be calculated in the same way as for charm production in DIS in Section 2. This mechanism for diffractive production is shown in Fig. 7a . Thus while charm production in DIS was a probe of the gluon distribution in the proton, the diffractive production of charm now probes the gluon distribution in the Pomeron, which is our main point of interest here. In addition to the "sea" contribution in Fig. 7a , there is also a "valence" contribution from the Pomeron structure function. A typical example of such a contribution can be seen in Fig. 7b , which has been studied in Ref. [34] . The role of these additional mechanisms, which require further model assumptions, is not clear yet and had not been discussed in other papers on diffractive charm production. While the "sea" component is concentrated mostly at small values of β, it can be shown that the "valence" contribution has its maximum at β ∼ 0.5 in Fig. 7b . Its value is smaller by a factor of order 1/m 2 c . In this region the "valence" contribution can therefore become comparable to the "sea" component.
In the CKMT approach, the gluon distribution of the Pomeron can for low β be obtained from that of the proton (or deuteron), analogously to the Pomeron quark distribution discussed above. For a large parton momentum fraction, however, the analogy breaks down. The gluon distribution in the nucleon is determined at large x by the gluon radiation originating from the quarks; in the Pomeron, which is believed to be mainly composed of gluons, they are a priori present. In Ref. [5] therefore the large β behaviour was modified according to
where n g is a free parameter. The distributions we use are thus singular at β = 0 due to the β −∆ dependence dictated by the Pomeron exchange. The observed Q 2 dependence of the data indicate that the gluon distribution should be rather hard and thus n g negative, i.e. between 0 and −1 to yield a normalizable distribution. We use in the following two negative values of n g , and therefore our gluon distribution is also singular for β = 1. This can be seen in Fig.6b , where we show our distributions for a scale of Q 2 0 = 2 GeV 2 . For the actual calculation of diffractive charm production, we use QCD evolution to obtain the gluon distribution at the factorization scale of 4m Before showing our results for the diffractive production of light as well as charmed quarks, we first discuss the models of Refs. [6] [7] [8] , where a similar description of the reaction involving the Pomeron structure function was used: model I of Gehrmann and Stirling (GS) [6] and model 3 of Golec Biernat and Kwiecinski (GK) [7] .
GK take the following singlet quark and gluon distributions, respectively, at Q 2 0 = 4 GeV 2 :
The constant K relates the measured t-integrated diffractive structure function to the Pomeron structure function:
The value for K depends on x P and is approximate 10 for the current experiments. The distributions used by GS at Q 2 0 = 2 GeV 2 are:
In order to compare their quark and gluon distributions to ours, one has to take into account that different normalizations of the assumed Pomeron flux, f (x P , t), are used and they have to be converted to our conventions.
In Fig. 6a and 6b we compare the different model distributions for quarks and gluons in the Pomeron, all normalized according to our definition of the flux factor. We show the distributions as originally parametrized on their respective initial scales, Q 2 0 . The quark singlet distribution, Σ P , looks similar in the three models. Except for the behaviour of the CKMT parametrization at very low β, the singlet quark distributions show roughly the same qualitative features for all models, because they were fitted to diffractive production data for β ≥ 0.065. Some differences with the CKMT model are due to the fact that the other models fit to all the diffractive data and thus also simulate doubly diffractive data with their fit, which account for about 30% of the cross section.
In contrast to the quark distributions the gluon distributions of the three models are dramatically different: the predicted distributions have different shapes. The GK parametrization is the "hardest" of the three types of distributions, remaining essentially zero for low beta and having its main strength near β = 1. The distribution of GS is symmetric, vanishing at β = 0 and β = 1, and thus is peaked in the middle. The gluons in the CKMT model are distributed with nearly constant density for intermediate β values; their distribution diverges at both ends. It becomes steeper at β = 1 the closer n g gets near −1. The very large values of g P (β) for intermediate values of β in the GS and GK models are difficult to reconcile with the cross sections for jet production in diffractive hadronic interactions [35] . The most direct test of all models is provided by the diffractive production of heavy quarks and we will therefore now look at diffractive charm production in DIS.
For the calculations, the gluon distributions are used at the common factorization scale of 4m 2 c . They are shown in Fig. 6d and can be seen to have rather different qualitative features than in Fig. 6b . The QCD evolution from the initial scale Q 2 0 to the higher scale shifts the gluon distributions towards lower momentum fractions. This can be most clearly seen for the GS model. All gluon distributions are now singular at β = 0. For GS and GK this is due to the evolution, while CKMT already starts out singular at the origin due to the β −∆ behaviour, which is only somewhat modified by QCD evolution. The opposite effect can be seen at β = 1: the originally singular distribution in the CKMT model becomes zero. For completeness, we also show an example for the effect of evolution on the light quark distribution in Fig. 6c . For GS and GK, the magnitude of the distribution increases for moderate values of β. Furthermore, again a slight shift towards small β occurs. For CKMT, the QCD evolution makes the density becomes more flat and the change in magnitude is such that the distribution is lower than the others at intermediate β.
One has to be careful when considering the energy-momentum sum rule, i.e. the integral over β of the sum of the gluon and quark distributions times β. As was pointed out before, the choice of the Pomeron flux factor fixes the normalization of the Pomeron structure function and therefore the value of the energymomentum sum rule. This sum rule needs not to be equal to 1 as was assumed in several publications. However, the value of this energy-momentum sum is preserved under QCD evolution. "virtual particle". This explains the changes in magnitude discussed above: in response to an overall growth in the quark density the gluon density decreases. At the factorization scale, the total gluon content of the Pomeron predicted by CMKT is 60% and about 80% for the other models.
The contribution of charm quarks to the Pomeron structure function, produced by the gluon-photon fusion mechanism is shown in Fig. 8 for the three gluonic distributions discussed above and for different values of Q 2 . The results are obtained by carrying out a convolution analogous to electroproduction. To obtain F cc P at a given momentum fraction β carried by the struck charmed quark, we have to integrate over gluon momentum fractions starting from a Q 2 dependent cut-off value that follows from the lower limit in Eq.(1). Both the CKMT and GS result increase continously as β decreases from this cut-off. The GK result has a maximum about halfway which originates from its relatively hard gluon distribution. As the virtuality of the photon increases, the cut-off moves to larger values, but the general shape of the curves doesn't change. For a Q 2 value as high as 500 GeV 2 , the factorization scale we have chosen may not be appropriate anymore and a Q 2 dependent value might be better. In general, the shown predictions are sufficiently different such that future experiments for charm production in hard diffractive scattering should be able to discriminate between them.
To see how significant the charm production contributes to the total diffractive cross section, we also show in Fig. 8 
A measurement of the total diffractive cross section is of course a test of the different parton density input. contributions, The exponent n g , which determines the "hardness" of the CKMT gluon distribution, is a free parameter. To see how sensitive the results are to its value, we compare in Fig. 9 results for F P and F cc P for n g = −0.5 and −0.9 at the same Q 2 values as in Fig. 8 . The charm part, F cc P , is most directly sensitive to the gluon distribution. The shape of the curves does not change much. However, as F cc P receives its contribution from gluons with high momentum fraction β due to the presence of the cut-off in the convolution Eq.(1), the harder distribution, n g = −0.9, yields a significantly larger prediction. This is most pronounced at high β and similar for all values of Q 2 . For the total F P , the more singular gluon distribution results in an increase, in particular at larger Q 2 . The exponent n g enters on the one hand through the charm contribution discussed above. On the other hand, it also influences the light quark contribution through the QCD evolution. The curves clearly show that the hardness of the gluon distribution is relevant for the total diffractive cross section.
It is interesting to see the contribution of the diffractive production to the total DIS structure function,
2 ). To compare to the results in Section 2, we convert this into the virtual photon cross section, σ(W, Q 2 ). For this purpose, we must integrate the diffractive contribution in Eq.(12) over x P and t. For x P we integrate up to 0.1, which defines our lower limit for the rapidity gap. We use for the Pomeron intercept in the flux factor a value α P (0) = 1.13 as in Ref. [5] . We show in Fig. 10 these diffractive contributions at the same Q 2 values as for the total in Fig. 4 . They increase rapidly from their threshold and then reach an approximately powerlike W -dependence. Comparison of Figs. 4 and 10 shows that the diffractive production is for large energies an order of magnitude smaller than the total. For large energies, the result for the harder gluon distribution is about a factor 1.5 higher.
IV. BEAUTY PRODUCTION
We now repeat some of the above calculations for the production of beauty quarks. Due to the larger mass, this of course involves a different factorization scale and thus probes the gluon distribution at a much higher scale; we take it as 4m 2 b . The cross section can be calculated using the same photon-gluon fusion mechanism and the approach discussed above. The only difference is the mass of the b-quark, which we take as m b = 4.7 GeV. It can be found using the mass of the charm quark from the following relation
which is valid in QCD up to small corrections ∼ 1/m Q [36] . The quantitym B ≡ (m B + 3m B * /4) in Eq. (25) denotes the center of gravity value for the lowest mesonic state (the same holds form D ).
Predictions for the cross section for beauty production by real and virtual photons are shown in Fig. 11 . The threshold is higher than for charm production, but the general shape of the cross section is similar. The magnitude is typically two orders of magnitude lower, which is due to the larger mass and the smaller charge. The contribution of diffractive beauty production to F P (β, Q 2 ) is shown in Fig. 12 . The β value for which the result becomes zero has decreased due to the larger quark mass. The shape of the curves, their dependence on Q 2 and the hardness of the gluon function are similar as for charm production, Fig. 9 . The contribution to the structure function F 2 (x, Q 2 ) is shown in Fig. 13 . The threshold energy is now higher, but for the rest a similar behaviour to charm production can be seen: as in Fig. 10 , the diffractive contribution is again an order of magnitude smaller than the total DIS beauty production and the sensitivity to the hardness of the gluon distribution looks the same. In general, these cross sections are much smaller than in the case of charm and large statistics is needed to observe them experimentally.
V. SUMMARY
The main goal of this paper was to probe the gluon distribution in the Pomeron by means of diffractive heavy quark (charm, beauty) production. Given the present uncertainty in the data as well as the high sensitivity of perturbative QCD calculations to the heavy quark mass, we have here pursued a simple phenomenological approach to obtain a description of the main features of heavy quark production. First we showed that the data for total open charm photo-and electroproduction could be well described by using the gluon distribution of the proton predicted by the CKMT model, together with the photon-gluon fusion mechanism. From this comparison to the data we extracted a value of m c = 1.4 GeV for the charm quark mass parameter and confirmed the finding of Ref. [15] that 4m 2 c is a good factorization scale. Having established this basis, we proceeded to diffractive charm production. We obtained results with gluon distributions of different models and compared their contribution to the total diffractive structure function of the Pomeron. For the CKMT model, we investigated how the results depend on the high momentum behaviour of the gluon distribution. A similar study was made for beauty production.
In conclusion we found that different models for the gluonic content of the Pomeron lead to sizeable differences for diffractive charm production which experiments, such as the future high statistics experiments at HERA [37] , should be able to distinguish. For beauty production, similar features were found, but the cross sections are much smaller and thus more difficult to measure. 
APPENDIX
For the QCD evolution equation one needs the quark distributions at an initial scale Q 2 0 . Up to Q 2 = 5 GeV 2 the total valence and sea quark distribution in LO can directly be extracted from F 2 (x, Q 2 ) as parametrized by the CKMT model in Ref. [9] :
with the functions
This parametrization has been constructed in such a way that for x ∼ 1 it is in accordance with the dual parton model at low Q 2 and with dimensional counting rules at very large Q 2 . The low x behaviour is readily explained in terms of Reggeon exchanges; the secondary Regge trajectory with intercept α f , corresponding to (f, A 2 )-exchanges, determines the small x distributions for the valence quarks, while the "effective" Pomeron exchange determines them for the sea quarks (and the gluon). The exponents in C f and C P are chosen such that the photolimit (Q 2 , x → 0) is finite.
The function B was written as the sum of the u and d quark contribution, B = B u + B d , and is different for the proton and the deuteron:
where the constants C u and C d were obtained from the condition that the integrals of the valence distributions over x should give the correct number of valence up and down quarks in the proton. Here the constants for the deuteron are related to those of the proton through isospin symmetry. For the sea quarks the simple assumption is used that u s = d s and s s = 0.5 u s , in reasonable accordance with the results from νN interactions.
Also the gluon distribution for low x is determined by the Pomeron exchange and is thus proportional to the sea quark distributions. However, since sea quarks are produced mostly by gluons, the distribution of gluons will be harder than the one of the sea quarks. This leads to the gluon distribution in Eq.(6):
where the proportionality factor G was obtained from the momentum sum rule at Q 2 = 2 GeV 2 .
The parameter d 0 in the effective Pomeron intercept was originally [9] put equal to 2 in order to have for the bare Pomeron a value of ∆ bare that is 3 times larger than ∆(0), in agreement with analyses of hadronic interactions [27] . The seven remaining free parameters of the model were fitted in Ref. [9] to the data on total γp interaction cross section and to the proton structure function data of NMC. They are given by
Here the parameters a, b, c and d 1 are given in units of GeV 2 . With these values for the free parameters one finds explicitly for the coefficients:
However, using new HERA data in the region of Q 2 < 2 GeV 2 [38, 39] it is possible to determine the parameters d 0 and d 1 with better accuracy: d 0 = 2.2 , d 1 = 0.6 GeV 2 . Fig. 1 a. Photon-gluon fusion diagram. b. Charm production by the gluon-gluon fusion mechanism ("resolved" contribution). . Solid line: this paper with ng = −0.5. Dotted line: this paper with ng = −0.9. Dot-dashed line: GS [6] . Dashed line: GK [7] . b. Different gluonic distributions in the Pomeron at initial scales Q 2 0 . Solid line: this paper with ng = −0.5. Dotted line: this paper with ng = −0.9. Dot-dashed line: GS [6] . Dashed line: GK [7] . c. Predictions for the light quark singlet distributions at the factorization scale by different models. Solid line: this paper with ng = −0.5. Dotted line: this paper with ng = −0.9. Dot-dashed line: GS [6] . Dashed line: GK [7] . d. Predictions for gluon distributions at the factorization scale by different models. Solid line: this paper with ng = −0.5. Dotted line: this paper with ng = −0.9. Dot-dashed line: GS [6] . Dashed line: GK [7] . 
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